The effects of two levels of manure application (184 and 275 kg N ha −1 year −1 ) on herbage yield, quality, and wintering ability during the cropping of a dwarf genotype of late-heading (DL) Napiergrass (Pennisetum purpureum Schumach) oversown with Italian ryegrass (IR; Lolium multiflorum Lam.) were examined and compared with chemical fertilizer application (234 kg N ha −1 year −1 ) for 4 years to determine a sustainable and environmentally harmonized herbage production in a hilly area (340 m above sea level). No significant (p > 0.05) differences in growth attributes of plant height, tiller density, percentage of leaf blade, or dry matter yield appeared in either DL Napiergrass or IR among moderate levels (184-275 kg N ha −1 year −1 ) of manure and chemical fertilizer treatments. IR exhibited no significant detrimental effect on spring regrowth of DL Napiergrass, which showed a high wintering ability in all treatments. In vitro dry matter digestibility of DL Napiergrass tended to increase with increasing manure application, especially at the first defoliation in the first three years. Manure application improved soil chemical properties and total nitrogen and carbon content. The results suggested that the lower rate of manure application of 184 kg nitrogen ha −1 year −1 would be suitable, which would be a good substitute for chemical fertilizer application with an equilibrium nitrogen budget for sustainable DL Napiergrass and IR cropping in the hilly region of southern Kyushu.
Introduction
The dwarf genotype of late-heading type (DL) Napiergrass (Pennisetum purpureum Schumach) harvested as a summer crop plays an important role in providing high biomass, vigor, palatability, and digestibility for livestock feed in southern Kyushu, Japan [1] [2] [3] [4] . Temperate species of Italian ryegrass (IR; Lolium multiflorum Lam.) harvested as a winter crop can be oversown into dwarf Napiergrass pasture [1, 5] since IR has the opposite seasonal growth pattern to DL Napiergrass. The cropping combination of DL Napiergrass with annual IR needs to be determined for the sustainable production in several years at the elevated area (>300 m above sea level) of southern Kyushu, where dairy and beef cow farming operations are concentrated.
Dry matter (DM) production of Napiergrass including a DL genotype is enhanced by high chemical fertilizer input [4, 6, 7] , but this increases the cost of forage production. Chemical fertilizer is widely used in agriculture. However, in recent years, serious concern has arisen about long-term adverse effects of continuous and indiscriminate use of chemical fertilizer in intensive agriculture on the deterioration of soil structure and function and environmental pollution [8, 9] . The depletion of soil nutrients is brought about by an imbalance of nutrients due to an outflow higher than the compensation level for agricultural land with increasing pressure on land resources [10] . The excessive application of chemical fertilizer increases soil acidity since the mineral components not utilized by the crops can react with water in the soil to form acidic compounds. Soil acidity is accelerated by rainfall [11] , and the average rainfall in Kobayashi City, southern Kyushu for a recent decade (2000-2010) was quite high, above 2500 mm. Other factors promoting soil acidity are thought to be the decomposition of plant residues, intensive agricultural production, and poor drainage. The former 2008 study revealed that soil pH ranged from 5.7 to 6.9, regarded as weakly acidic, though this pH range had no significant effect on the DM yield of DL Napiergrass in the present volcanic ash soils [4] .
Livestock manure is an organic fertilizer that plays a key role in chemical and biological soil functions of intensively cropping fields under sustainable and environmentally harmonized herbage production. Prompt management of manure application should be a top priority for increasing herbage production in grassland agriculture to prevent environmental pollution. Since manure has a high concentration of organic matter, its application as a fertilizer helps decelerate depletion of organic matter in arable land, especially when there is a high frequency of heavy erosion [12] [13] [14] . It also increases the soil levels of the macroelements of nitrogen (N), phosphorus (P), and potassium (K) [15] [16] [17] [18] [19] , improves soil physical properties [20, 21] , enhances DM yield [22] [23] [24] [25] , and improves the crude protein concentration of herbages [26] .
However, excessive manure application can lead to several problems, such as pollution of soil and ground water by leaching and runoff of nutrients [27] [28] [29] , increased emission of nitrous oxide as a global warming potential [30] , and excess accumulation of nutrients in soils [15, 31] . Therefore, the proper rate of manure application that prevented runoff losses from leaching was determined to be an N rate of 150-250 kg ha −1 year −1 [22, 32] , which was adopted as the application rate in the present study.
In our previous studies [4, 7, 33] , DL Napiergrass required high chemical fertilizer input for high DM production; it is also costly, making the required level of application unaffordable for smallholder farmers, and risks environmental pollution by rapid nutrient leaching under heavy rainfall. However, organic manure application has lower risk of nutrient leaching by mineralization when compared with chemical fertilizer input. Therefore, the objectives of this study were to compare the effects of consecutive manure application with chemical fertilizer application on growth, yield, and quality attributes, and the sustainability of DL Napiergrass intersown with IR, to determine sustainable and environmentally harmonized herbage production by manure application in a hilly area of southern Kyushu, Japan over four years (2007) (2008) (2009) (2010) ).
Results

Soil Nutrient Status
At the beginning of the trial in May 2007, no significant difference in the soil mineral status of total nitrogen (TN) and total carbon (TC) values nor carbon-to-nitrogen ratio (CN) appeared among treatment plots. The experiments covered a low (LM) and a high rate of manure application (HM). Soil total nitrogen and total carbon concentrations were significantly (p < 0.05) higher for LM than for HM or the chemical fertilizer application (CF), and the increase in TN and TC was largest in the LM plot after four years of cropping DL Napiergrass with IR. However, the carbon-to-nitrogen ratio in October 2010 was the highest in CF, followed by the LM and HM plots with a range of 10.25-10.37 among treatments, and decreased similarly from the initial range of 10.77-10.85 in May 2007 (Table 1) . 
Growth Attributes
Growth attributes of plant height, tiller density, and percentage of leaf blade (PLB) did not differ significantly in either DL Napiergrass or IR among treatments, except for tiller density of IR in the first year, tiller density of DL Napiergrass at the first defoliation in the second year, and PLB of DL Napiergrass at the third defoliation in both the second and third years. In DL Napiergrass, plant height decreased between the second and third defoliation, whereas PLB and tiller density increased from the first to the third defoliation in the second and third years, which was consistent with the seasonal changes in these attributes with the progression of cutting practice [4, 7] . In the fourth year, when no defoliation was imposed until October, DL Napiergrass plant height increased and PLB decreased more than the first three years ( Table 2) . 
DM Yield
No significant effect of treatment on annual total DM yield appeared when cropping DL Napiergrass with IR for four years. Annual DM yield increased from the first to the second year, while the lowest annual yield occurred uniformly across treatments in the third year, which correlated with the lowest annual precipitation. The DM yield of DL Napiergrass increased from the first to the second defoliation and then decreased sharply by the third defoliation in the first three years. The CF plot tended to have slightly higher DM yield of DL Napiergrass than the two manure plots at the first defoliation in the first year, whereas the DM yield in the CF plot tended to be lower thereafter. The DM yield of DL Napiergrass in the HM plot was significantly higher at the first defoliation in the third year, while the DM yield in the CF plot was significantly higher at the third defoliation in the second year. The DM yield of IR was significantly higher in the CF plot the first year; however, there were no significant differences among treatments thereafter (Figure 1 ). 
No significant effect of treatment on annual total DM yield appeared when cropping DL Napiergrass with IR for four years. Annual DM yield increased from the first to the second year, while the lowest annual yield occurred uniformly across treatments in the third year, which correlated with the lowest annual precipitation. The DM yield of DL Napiergrass increased from the first to the second defoliation and then decreased sharply by the third defoliation in the first three years. The CF plot tended to have slightly higher DM yield of DL Napiergrass than the two manure plots at the first defoliation in the first year, whereas the DM yield in the CF plot tended to be lower thereafter. The DM yield of DL Napiergrass in the HM plot was significantly higher at the first defoliation in the third year, while the DM yield in the CF plot was significantly higher at the third defoliation in the second year. The DM yield of IR was significantly higher in the CF plot the first year; however, there were no significant differences among treatments thereafter ( Figure 1 ). 
Overwintering Ability
Overwintering ability, measured as the percentage of overwintering plants (POP), was above 93% across all treatments in the first two years, with no significant effect of fertilizer treatment on either POP or regrown tiller number (RTN) of DL Napiergrass. The RTN of DL Napiergrass was close to satisfactory for spring growth with a range of 18-30 tillers m −2 in both late April 2008 and June 2009 (Table 3 ). 
Overwintering ability, measured as the percentage of overwintering plants (POP), was above 93% across all treatments in the first two years, with no significant effect of fertilizer treatment on either POP or regrown tiller number (RTN) of DL Napiergrass. The RTN of DL Napiergrass was close to satisfactory for spring growth with a range of 18-30 tillers m −2 in both late April 2008 and June 2009 (Table 3) . 
Herbage Quality Attributes
In vitro dry matter digestibility (IVDMD) of leaf blade (LB) and stem inclusive of leaf sheath (ST) of DL Napiergrass and of whole IR plants showed no significant differences among treatments, except for higher LB IVDMD in the HM plot at the first defoliation in the first year and at the second defoliation in the second year, with conversely lower LB IVDMD at the second defoliation in the first year ( Figure 2a) . No significant effect of fertilizing treatment on crude protein (CP) concentration was observed in either DL Napiergrass or IR (Figure 2b ). 
In vitro dry matter digestibility (IVDMD) of leaf blade (LB) and stem inclusive of leaf sheath (ST) of DL Napiergrass and of whole IR plants showed no significant differences among treatments, except for higher LB IVDMD in the HM plot at the first defoliation in the first year and at the second defoliation in the second year, with conversely lower LB IVDMD at the second defoliation in the first year (Figure 2a 
Input and Output of Total N
The N budget in the cropping of DL Napiergrass with IR was assessed from N input from fertilizer application and N output assessed by harvested DM yield combined with total N concentration for the four consecutive years, as shown in Table 4 . No significant effect of fertilizer treatment was observed on the output either from DL Napiergrass or IR (Figure 3 ). Total N output across treatments was inconsistent from the first to the third year, reflected mainly by the change in DM yield. However, the effect of treatment on total N output consistently tended to be highest in the LM, followed by the CF and HM plots in the first and second years, with no trend among treatments in the third year. In the fourth year, when no fertilizer was applied, N output tended to be highest in the LM plot, followed by the HM and CF plots (Figure 3a) . In contrast, output of total N in IR plants tended to be higher, with an increase in manure application in both the second and third years. However, an imbalance between input and output of N occurred in IR plants for the CF plot (Figure 3b ). 
The N budget in the cropping of DL Napiergrass with IR was assessed from N input from fertilizer application and N output assessed by harvested DM yield combined with total N concentration for the four consecutive years, as shown in Table 4 . No significant effect of fertilizer treatment was observed on the output either from DL Napiergrass or IR (Figure 3 ). Total N output across treatments was inconsistent from the first to the third year, reflected mainly by the change in DM yield. However, the effect of treatment on total N output consistently tended to be highest in the LM, followed by the CF and HM plots in the first and second years, with no trend among treatments in the third year. In the fourth year, when no fertilizer was applied, N output tended to be highest in the LM plot, followed by the HM and CF plots (Figure 3a) . In contrast, output of total N in IR plants tended to be higher, with an increase in manure application in both the second and third years. However, an imbalance between input and output of N occurred in IR plants for the CF plot (Figure 3b) . 
Discussion
DL Napiergrass growth characters of plant height, tiller density, and PLB showed almost no significant differences under the examined fertilizer treatments over four years in a hilly area of southern Kyushu. Changes in growth characters with the defoliation practice showed a synchronized trend of increasing plant height and tiller density and decreasing PLB from the first to the second defoliation and increasing tiller density and PLB and decreasing plant height from the second to the third defoliation across treatments. Climatic factors of air temperature and precipitation presumably affected these changes in the highest DM yield at the second defoliation due to high temperature promoting the growth of DL Napiergrass, which has C4 photosynthetic metabolism [2] and lowest yield at the third defoliation due to a decline in air temperature, as shown in Figure 1 . Similarly, the lowest annual yield of DL Napiergrass in the third year might reflect the lowest precipitation among the four years (Figure 4) . Since the cutting interval should 
DL Napiergrass growth characters of plant height, tiller density, and PLB showed almost no significant differences under the examined fertilizer treatments over four years in a hilly area of southern Kyushu. Changes in growth characters with the defoliation practice showed a synchronized trend of increasing plant height and tiller density and decreasing PLB from the first to the second defoliation and increasing tiller density and PLB and decreasing plant height from the second to the third defoliation across treatments. Climatic factors of air temperature and precipitation presumably affected these changes in the highest DM yield at the second defoliation due to high temperature promoting the growth of DL Napiergrass, which has C 4 photosynthetic metabolism [2] and lowest yield at the third defoliation due to a decline in air temperature, as shown in Figure 1 . Similarly, the lowest annual yield of DL Napiergrass in the third year might reflect the lowest precipitation among the four years ( Figure 4) . Since the cutting interval should affect the yield of Napiergrass, showing a higher yield with longer intervals [34] [35] [36] , DM yield in the fourth year, with no midway defoliation, tended to be higher than the preceding three years, even though no fertilizer was applied (Figure 1 ).
Manure's advantages as a slow-releasing fertilizer lead to higher DM yield of DL Napiergrass [37] . In the present study, even though fertilizer treatments were not imposed in the last year, higher yield was achieved in the organic fertilizer plots-especially in the LM plot, which achieved the highest DM yield at 22 Mg ha −1 across all plots and years (Figure 1 ). High yield was presumably achieved due to increased nutrient absorption capacity of a high density of roots due to improved soil physical properties [38] and continuous nutrient absorption from earlier manure input [39] . Moreover, the LM plot had higher TN and TC content at the end of the study than the other two plots ( Table 1 ). The expected improvement of soil physical properties by organic matter application from fermented cattle manure [20, 21] was evidenced by comparison with pre-established DL Napiergrass plots. Organic matter components usually encourage the formation of stable soil crumb structure, thus improving soil internal drainage, infiltration, aeration and microbial activity and root development.
The DM yield of Napiergrass increases under a high rate of fertilizer input in both normal [24, 25] and dwarf genotypes [4, 7] . However, in the present study, DM yield reached a plateau in the LM and HM plots, and in the CF plot in the third year. Humphreys [40] and Crowder [41] found a 30-50% increase in herbage DM yield at doses increasing from 200 to 600 kg N ha −1 ; thus, N use efficiency in terms of DM yield per kg of applied N decreased sharply with increasing N application rate. Therefore, as also supported by Mohammad et al. [42] , it can be assumed that yield of DL Napiergrass should be the most responsive to organic manure supply up to the moderate rate (i.e., the LM plot), which was verified by higher DM yield in the moderate manure application than the heaviest application.
IR intersown with rows of DL Napiergrass at the last defoliation gave an additional crop the following spring. IR might have other advantages in reducing N leaching effectively in manure-applied systems [29] and suppressing weed growth in the spring before the regrowth of DL Napiergrass starts [43] .
The slow-release capability of organic manure might lead to the retention of nutrients in the soil; therefore, roots of DL Napiergrass in the manure plots might have taken up more nutrients than in the inorganic CF plot to store as food reserves. It is well known that a high concentration of nonstructural carbohydrate reserves can be beneficial to the viability of tiller buds under low temperature, and can promote the spring regrowth in tropical grass species [44] , which correlates with the observed higher tendency in the percentage of overwintered plants in the LM and HM plots compared with the CF plot (Table 3) .
Herbage quality attributes of IVDMD and CP concentration did not show any negative effects of manure application compared to chemical fertilizer application, and was combined with a high level of IVDMD and a CP concentration above 10% in almost all DL Napiergrass and IR plots, with the exception of the delayed defoliation of DL Napiergrass in the fourth year (Figure 3) . The mean IVDMD value was above 60%, which is categorized as medium-quality forage and high enough for beef-cattle feeding. The CP concentration was also high enough for quality feeding above the minimum level required for rumen functions [45] . The present study revealed that herbage quality, influenced by temperature and cutting period, had a negative correlation with DM yield of DL Napiergrass, with the highest yield for the second defoliation with the lowest IVDMD and CP concentration across the first three years. These phenomena were normal for the tendency of herbage quality in tropical pastures, where high temperature stimulates lignification of plant cell walls, resulting in decreasing IVDMD [45] . Additionally, IVDMD and CP concentration decreased with the delay of defoliation in the fourth year-the same tendency observed with normal Napiergrass [23] . Numerous changes occur as forage plants mature, and are concurrent with decreasing herbage quality. An increase in N supply reduces the structural carbohydrate content, thus diluting the proportion of DM present as cell wall and increasing digestibility [45] . Dormaar et al. [12] found that plots receiving manure showed a greater increase in total N concentration. In the present study, it was difficult to detect a positive effect of manure application on herbage quality attributes in comparison with the CF plot. These data support the conclusion that the range of fertilizer application was high enough to maintain herbage yield and quality.
The stem fraction of DL Napiergrass had higher IVDMD than LB at the first defoliation in the first three years across all treatments. Van Soest [45] found that not all leaves are more digestible than the stem fraction, since the function of the stem as a storage organ gives them a higher nutritive value than leaves. In DL Napiergrass, as in most tropical grasses, herbage digestibility decreased as maturity progressed from the first to the second defoliation, while the digestibility tended to be higher in ST than in LB at the juvenile stage of the first defoliation. The digestibility of ST generally declines as plants mature [46, 47] , such as between the first and second defoliation in the present study.
Furthermore, the results confirmed that a low rate of organic manure application would be a good substitute for chemical fertilizer application due to the low energy intensity of organic fertilizer [48] and equivalent N input and N output-a key issue for environmentally-friendly and healthy soil conditions with less impact on global warming potential.
Materials and Methods
Experimental Site, Climatic Conditions, and Grass Species
The experiments were conducted during four consecutive years The grass species used were a dwarf genotype of late-heading (DL) Napiergrass (Pennisetum purpureum Schumach) as a summer crop and Italian ryegrass (Lolium multiflorum Lam. cv. Ace, IR) as a winter crop. The soil is the volcanic ash soil of Andosols (Kuroboku), having a pH of 6.6, electrical conductivity of 0.100 dS m −2 , soil nutrient concentrations of 0.5% TN and 5.3% TC, and a soil CN ratio of 10.7 at the start of the experiments [4] .
Experimental Design and Treatments
The experiments were arranged in a randomized complete block design with three replications, each containing three treatments; that is, chemical fertilizer (CF), low rate of manure application (LM), and high rate of manure application (HM). Each treatment consisted of 28 plants at 2 plants m −2 for DL Napiergrass (1 and 0.5 m for inter-and intra-row spacing, respectively) with 3 m × 3 m (9 m 2 ). The spacing between plots and between blocks was the same (1 m).
Chemical compound fertilizer (containing 14%, 14%, and 14% of N, P 2 O 5 , and K 2 O, respectively) and commercial fermented cattle manure (Sun Green, containing 1.18, 2.19, and 2.09% of N, P 2 O 5 , and K 2 O, respectively) were supplied as a top-dressing; the amount supplied was 1500, 14,000, and 21,000 g year −1 (resulting in 234, 184, and 275 kg N ha −1 year −1 ) for the CF, LM, and HM plots, respectively. In the first year, the chemical fertilizer was split and supplied to DL Napiergrass three times (78 kg N ha −1 time −1 ) on 21 June, 28 July, and 17 August 2007 for the CF plot, while the organic manure was supplied once on 21 June 2007 for both the LM and HM plots. In the second and third years, the chemical fertilizer for the CF plot was split-supplied to DL Napiergrass three times on observation of regrowth on 29 April in 2008 and 18 June in 2009, and at the first and second defoliation as well, as for the first year, while fermented manure for both the LM and HM plots was supplied once per year at observation of regrowth. However, in the fourth year, no fertilizer was applied to any plot in order to assess the after-effect of fertilizer treatments in the preceding three years. The fertilizer treatment for IR was the same as for the LM and HM plots, while the rate for the CF plot was 78 kg N ha −1 year −1 -one-third the total supplied to DL Napiergrass.
Planting and Management Practices
Plots were cultivated by hand tractor once, and were established on 24 May 2007 by a single rooted tiller from overwintered stubble of DL Napiergrass without basal fertilizer application. IR was sown into the inter-row space at the rate of 20 kg ha −1 by hand at the third defoliation of DL Napiergrass every autumn. The plots received no irrigation.
Data Collection and Analytical Procedures
Soil Sampling and Chemical Analysis
Soils were sampled at a 0-10 cm depth [32] by a soil core sampler (volume: approximate 100 mL) with three replications before planting on 24 May 2007 and with three replications per plot at the last defoliation of DL Napiergrass on 29 October 2010. Soil samples were dried at room temperature for 4 days and were passed through a 2 mm sieve as a pretreatment before chemical analysis. Soil chemical properties were determined in duplicate by pH meter (Model: F-51, Horiba, Ltd., Kyoto, Japan) for pH (H 2 O) and by conductivity meter (Model: CM-40S, DKK-TOA Corporation, Tokyo, Japan) for electrical conductivity only in 2007. TN and TC concentrations were determined in duplicate for each sample by an N and C determination unit (Model: Sumigraph NC-220F, Sumika Chemical Analysis Service, Ltd., Osaka, Japan).
Growth Attributes and DM Yield
Growth characteristics of DL Napiergrass of plant height and tiller density were determined for 10 plants per replicated plot, while for IR they were determined in three random areas by a 0.5 × 0.5 m quadrat (0.25 m 2 ) per replicated plot. DM yield of DL Napiergrass was determined randomly for two plants per replicated plot by defoliating plants using a hand sickle at 10 cm above the ground [1] . Above-ground samples were hand-separated by scissors into leaf blade (LB), stem inclusive of leaf sheath (ST), and dead parts, and oven-dried at 70 • C for 4 days to determine DM yield. Fresh weight (FW) of whole IR plants defoliated at 5 cm above ground using a hand sickle and a subsample of around 250 g FW were dried at 70 • C for 4 days to determine percentage DM. The DM yield was calculated according to Tarawali et al. [50] as DM yield (Mg ha −1 ) = (Total FW × (DWss/FWss) × 10 −2 ), where Total FW = total fresh weight (g m −2 ), DWss = dry weight of the subsample in grams, and FWss = fresh weight of the subsample in grams. 
Determination of Herbage Quality
After dried samples of DL Napiergrass and IR were ground by mill to pass through a 2 mm mesh, IVDMD of the herbage parts (LB and ST in DL Napiergrass) and whole herbage in IR were measured in duplicate by a pepsin-cellulase digestion method [51] using an in vitro incubator (Model: ANKOM DAISY II, ANKOM Technology, Macedon, NY, USA). The TN and TC concentrations of herbage parts and IR were determined in duplicate by an N and C determination unit (Sumigraph NC-220F, Sumika Chemical Analysis Service, Ltd.), and crude protein (CP) concentration was calculated by N concentration multiplied by 6.25.
Statistical Analysis
Analysis of variance was carried out for the single year's effect of fertilizer application on the growth and quality attributes using SPSS software for Windows ver. 16.0, Chicago, IL, USA. Differences in mean values were tested at the 5% level using the least significant difference. Proportional data were arcsine-transformed [52] to meet the assumption of normality and homogeneous variance prior to analysis.
Conclusions
Manure application at the low rate in the present study tended to lead to higher DM yield of DL Napiergrass and higher sustainability of growth than other fertilizer treatments in a hilly area in southern Kyushu. The availability of N and C components remaining in the soil below a depth of 0-10 cm after manure application showed that this field should still have enough nutrients for subsequent cultivation and might avoid N leaching. Furthermore, the results confirmed that a low rate of organic manure application would be a good substitute for chemical fertilizer application to maintain the equivalent N input and N output-{2,10}a key issue for environmentally friendly and healthy soil conditions.
